One of the four operons required for cobalamin biosynthesis in Bacillus megaterium is also associated with sirohaem synthesis, and contains three genes, sirA, sirB and sirC. By undertaking functional complementation experiments and in nitro assays using recombinantly produced enzymes, we have been able to demonstrate that (1) SirA acts as a uroporphyrinogen I I1 methyltransferase, transforming uroporphyrinogen 111 into precorrin-2, (2) SirC acts as an NAD+ dehydrogenase, responsible for the oxidation of precorrin-2 into sirohydrochlorin, and (3) SirB acts as a ferrochelatase, responsible for the insertion of a ferrous ion into sirohydrochlorin to give sirohaem. Comparative sequence analysis reveals that the primary structure of SirB is highly similar to that of the cobalt chelatase involved in cobalamin biosynthesis in Bacillus megaterium, CbiX, with the exception that CbiX contains a C-terminal histidine-rich motif. Surprisingly, CbiX has been shown (using EPR) to contain a 4Fe-4S centre, a redox centre that is absent from SirB.
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Background
T h e genes encoding proteins involved in cobalamin biosynthesis are located in at least four operons. Operon 1 contains the genes that encode the enzymes responsible for the conversion of 5 -aminolaevulinic acid into uroporphyrinogen I11 (uro'gen 111) (D. Jahn, personal communication).
Operon 2 contains genes that encode the enzymes that convert uro'gen I11 into sirohaem; as described below, these have been termed sirA, sirB and sirC. Operon 3 encodes the enzymes that transform sirohydrochlorin into adenosylcobyrinic acid a,c-diamide, that has been characterized previously by Raux et al. [l] . This operon contains 14 genes, including cbiX, which encodes a cobalt Key words: Fe-S centre, precomn-2, vitamin El,. Abbreviation used: uro'gen 111, uroporphyrinogen 111. 'To whom correspondence should be addressed (e-mail h.k.leech(a)qmul.ac.uk).
chelatase enzyme, and cbiL, which encodes the C-20 methylase. T h e remaining operon contains the genetic software for the enzymes that convert cobyrinic acid a,c-diamide into vitamin B,2. This operon is expected to contain cbiP (encoding cobyric acid synthase) and cbiB (encoding cobinamide synthase), but as yet it has not been fully sequenced or characterized.
T h e sirohaem (sir) operon is important for a number of reasons. Sirohaem is the prosthetic group of nitrite and sulphite reductases, which convert nitrite into ammonia and sulphite into sulphide respectively. These are fundamental processes for most organisms, since they represent the major routes for nitrogen and sulphur assimilation. For instance, sulphide reacts with 0-acetylserine to form the amino acid cysteine. Therefore the absence of sirohaem leads to a cysteine auxotrophy [2] . T h e production of sirohaem is also important when studying vitamin B,, biosynthesis, as an intermediate in this pathway (sirohydrochlorin) represents the point at which the biosynthetic pathways for sirohaem and vitamin B,, diverge. Sirohaem is biosynthesized from uro'gen I I I in four enzyme-mediated steps : two S-adenosyl-L-methionine-dependent methylations at positions 2 and 7, a dehydrogenation (sirohydrochlorin synthesis) and a ferrochelation [3, 4] . In some organisms, such Escherichia coli and Salmonella enterica, this process is catalysed by one multi-functional enzyme, CysG [S], which is also called sirohaem synthase. This is a 457-amino-acid protein that can be considered as the fusion of two separate functional domains. T h e C-terminal catalytic domain (amino acids 202-457), which is termed CysG", acts as a uro'gen I11 methyltransferase, methylating uro'gen I I I at positions 2 and 7 and forming a compound known as precorrin-2 or dihydrosirohydrochlorin. CysG" has been found to display sequence similarity to other cobalamin biosynthetic methyltransferase enzymes [5, 6] . T h e N-terminal catalytic domain (amino acids 1-201) is termed CysG", and undertakes not only the dehydrogenation reaction to produce sirohydrochlorin, but also the ferro-chelation step to produce sirohaem [4]. In contrast with the presence of a single multifunctional enzyme, in Saccharomyces cerevisiae the synthesis of sirohaem from uro'gen I11 is mediated by two distinct enzymes, M e t l p and Met8p [7] . Sequence analysis has revealed that the C-terminus of Met1 p is similar to CysGA from E. coli, and indeed was found to undertake the transmethylation reaction of sirohaem synthesis. Met8p was found to display some similarity to CysG", particularly in the region of the NAD+-binding site, and was subsequently shown to undertake both the dehydrogenation and ferrochelation reactions required for the transformation of precorrin-2 into sirohaem [8] . T h e structure of this remarkable bifunctional enzyme has been elucidated recently [9] . In Bacillus megaterium it is proposed that three enzymes are involved in the production of sirohaem from uro'gen 111 (Scheme 1). The cobA gene from B. megaterium, renamed sirA, was first sequenced by Robin et al. [6] , and has been shown to encode a uro'gen 111 transmethylase enzyme [6] with sequence similarity to Pseudomonas denitri-$cans cobA and E. coli cysGA. SirC has been identified as a putative precorrin-2 dehydrogenase, as it shows some similarity to the Met8p NAD+-binding site, and therefore to the E. coli CysGB NAD+-binding site [S]. Complementation experiments undertaken with an equivalent gene sequence from Bacillus subtilis (ylnF) had also reached this conclusion [lo] . SirB is proposed here to be a putative ferrochelatase enzyme, as it shows similarity at the amino acid level to the cobalt chelatase CbiX (Bacillus megaterium).
Complementation and in vitro assay results
T o investigate the roles played by SirA, SirB and SirC in sirohaem biosynthesis, plasmids containing these genes in different combinations were used in complementation experiments with a previously characterized E. coli cysG mutant (302Aa) [ l l ] . T h e plasmids pKKsirAB and pKKsirABC were both able to complement this E. coli cysG-deficient strain. This result demonstrates that SirA, which acts as a uro'gen 111 transmethylase, and SirB, which acts as a siro- hydrochlorin ferrochelatase, are absolutely necessary for the production of sirohaem, but that the precorrin-2 dehydrogenation step, performed by SirC, can occur spontaneously. T o confirm the roles of SirB as a chelatase and SirC as a dehydrogenase, the proteins were purified from overproducing strains and used in an in vitro assay to monitor the formation of sirohydrochlorin and cobalt-sirohydrochlorin. This was achieved by incubating SirB and SirC in a coupled enzyme assay for the synthesis of precorrin-2, consisting of porphobilinogen, S-adenosyl-Lmethionine and the enzymes porphobilinogen deaminase, uro'gen I11 synthase and uro'gen I11 methyltransferase (CobA). T h e coupled assay alone generated a yellow solution with a spectrum equivalent to that of precorrin-2. When SirC and NAD+ were added to this precorrin-2 solution, a spectrum similar to that of sirohydrochlorin was obtained with an absorption maximum of 378 nm, which remained the same even when Co2+ was added to the assay. When an incubation was undertaken in the presence of SirB, NAD+ and SirC, an absorption maximum of 378nm was again observed. However, when Co2+ was added to this assay and the resulting spectra recorded, the absorption maximum had shifted to 414 nm, equivalent to that of cobalt-sirohydrochlorin, indicating that SirB was acting as a chelatase (Figure 1 ).
T h e same coupled assay was repeated in the presence of a range of bivalent metal ions, in- cluding Ni2+, Zn2+ and Cu2+, to investigate the metal ion specificity of SirB. As can be seen from Figure 2 , the absorption maxima obtained from the resulting sirohydrochlorin-metal complexes were quite distinct, indicating that the enzyme is capable of synthesizing a range of novel metalloisobacteriochlorins.
T h e conclusion from the in vitro assay is that SirB and SirC act as a ferrochelatase and a dehydrogenase respectively in sirohaem synthesis. However, SirB is also able to chelate a range of metal cations, including cobalt, into the core of the isobacteriochlorin ring structure. T h u s SirB and SirC are functionally equivalent to Met8p with respect to sirohaem synthesis, with is in turn equivalent to CysGB [S] . SirB is also highly similar at the amino acid level to CbiX, the cobalamin cobalt chelatase in Bacillus megaterium. However, CbiX possesses a C-terminal extension that includes a histidine-rich region: within a stretch of 35 residues, 19 are found to be histidines. Moreover, when CbiX is purified anaerobically, it is brown in colour, and gives a UV-visible spectrum suggestive of an Fe-S centre. Dithionite-reduced samples were prepared of purified CbiX, and subsequent EPR spectroscopic analysis revealed that CbiX contains a 4 F e 4 S centre, with g-values at 2.038, 1.94 and 1.90. T h e role of this Fe-S centre is unknown at present, although it is tempting to speculate that it may be involved in reduction of the centrally chelated cobalt ion. Alternatively, the centre may be involved in some
Figure 2
In vitro assays with other metals UV-visible spectra were obtained by incubating precorin-2 with Sir€ and SirB in the presence of the bivalent cations Co2+, Ni2+, Zn2+ and Cu2+, resulting in the generation of a range of novel metal-sirohydrochlorin complexes. Absorption maxima of cobalt-sirohydrochlorin, nickel-sirohydrochlorin, zinc-sirohydrochlorin and copper-sirohydrochlorin are at 4 I4 nm, 395 nm, 405 nm and 402 nm respectively. centre is also found on some eukaryotic protoporphyrin ferrochelatases, although here again the exact function of the centre has not been elucidated.
Introduction
Vitamin B,, (cobalamin) is manufactured by bacteria and archaea via two alternative routes (for a recent review, see [l] ) that differ primarily in the early stages that lead to the contraction of the macrocycle and excision of the extruded carbon T h e biosynthetic route to adenosylcobalamin from its five-carbon precursor, 5-aminolaevulinic acid (ALA), may, for convenience, be divided into three sections : (1) the biosynthesis of uro'gen I I I from ALA, which is shared by both pathways (Scheme 1); (2) the conversion of uro'gen I11 into
